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NACA L4—SFERTES, 230—SERTES, AND LOW-DRAG
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By Thomas V. Bollech

SUMMARY
i

The 1ift, drag, end pltching-moment characteristics of several
unswept wings were determined by wind—tunnel tests and by calculations
using the method of NACA TN No. 1269. The wings were similer in plen
form with aspect ratio 10, teper ratio 2.5, and with root—chord and
tip—chord thlckness ra:bios of 20 and 12 percent, respectively. The
airfoll sections used were the NACA J4-1!-—se:lz'fl.es, 230—geries, and low—
drag 6h—series.

The aerodynamic characterlstics of the wings were determined
experimentally for the smooth and rough model conditions with flaps
neutral and partial~span end full—span split fleps deflected 60°. The
tests were made through a range of Reynolds mumber from approximstely

2.0 x 106 to approximately 5.0 x 105,

A comparison of the calculated and experimental characteristics
was made only for the flap-neutral, smooth-model condition end Indicates
that the agreement obtalned In most cases was excellent. No deflinite
trend exlists which would indicate that the degree of correlation
obtainsble depends on alrfoll section wilthin the range of varisbles
investigated.

At a constant value of Reynolds number the experimental values of
maximm 11ft coefflcients obtalined for the smooth models with flaps
neutral were approximately squal. With flaps deflected, the highest
value of maximmm 1ift coefficient was obtalned for the wing of
NACA 230-series sections. For the rough model with flaps nsutral
the greatest loss In meximum 11ft wes experienced by the wing of
NACA 230-series sections and the smallest loss was experienced by the
wing of NACA 6h—sgeries sections. With the flaps deflected and the models
in the rough condition, the maximmm 1ift coefficients were approximately
equal for all wings. The wing of NACA 6li-series sections in the smooth
condition exhibited lower miniwmm drag values and slightly bebtter values
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of meximm 1liPt—dreg ratlos than the wings of NACA 230—series or Yli-sgeries
sections. In the rough condition, however, a1l wings procduced approxi~
mately the same values of maximm lift—drag ratios, and the wing with
NACA 230—seriles sections exhiblted the lowest values of minimum drag
coefficient. With flaps neubral, the wing of NACA 230-series sectilons
exhibited an abrupt stell, which may be unsatisfactory when stall warning
or lateral control at the stall is considered. The stall ofthe wilngs
with NACA 6h—series and Mi—series sections was gradusl. With flaps
deflected 60°, the stall was more gbrupt for all wings than with flaps
neutral.

INTRODUCTION

An investigation has been undertaken in the Langley 19—foot
pressure tunnel to demonstrate the accuracy of the 1lifting—line theory
in predicting the aerodynamic characteristice of unswept wi with
moderate to high aspect ratios and to determine the effects of varia—
tions in the geomstrlc paramsters of the wings on thelr aerodynamic
characteristics. In the flrst phase of the investigetlon, reported in
reference 1, seven unswept wings having NACA 4l-geries sections, aspect
ratios of 8, 10, and 12, and taper ratios of 2.5 and 3.5 were investi—
gated to determine the effects of aspect ratio, taper ratio, and
chord thickness ratio.

In the final phase of the Investigation, reported herein, two
wings of NACA 230—series and low—drag 6li—series sections were tested
and the results are compared with those of & wing of NACA Lh-series
sectlons and of the seame plan form reported in reference 1 to determine
the effects of airfoil profile on the wing asrodynemic characteristica.
All wings had an aspect ratio of 10, taper ratio of 2.5, and a root—chord
thickness ratlo of 0.20.

The experimental 1ift, drag, pltchling-moment, and stalling charac—
teristics of wings with and without leading—edge rovghness for the
flep—neutral and flap-deflected conditions are presented along with the
calculated 1lift, drag, and pitching-moment characteristice of wings
without leasding-edge roughness for the flap-neutral condition. The wing
characteristice were calculated by the gensrslized method of the
lifting—line theory, which allows the use of nonlinear section—lift
curves. (See reference 2.)

SYMBOLS

The coefficlents and symbols used hereln are defined as follows:
Cy, lift-coefficient (L/gS)

ACI, increment of 1lift coefficlent due to f£laps
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Cp ., drag coefficlent (D/qS)
CDO profile—drag coefficient (D,/qS)
Cn pltching-moment coefflicient about quarter—chord point of
meaen aerodynamic chord Pitching mo&nsn‘l>
gSc
(L/D) oy meximm 1ift—drag ratio
-R Reynolds number <pz_6)
M Mach number (V/a)}
o angle of attack of the wlng root chord, degrees
B¢ flap deflectlon, degrees
d0r;/da slope of 1ift curve
dCp/acy, slope of pitching-moment curve
where:
L 1ift, pounds
Do wing profile drag, pounds
draeg, pounds
free—stream velocity, feet per second
a velocity of sound, feet per second
p mags density of alr, slugs per cublc foot
W coefflcient of viscoslty, slugs per foot—second
S wing area, square feet
q free~streem dynsmlc pressure, pounds per square foot

(39

i . /o
mean serodynamic chord, feet % Lb cad_y>

Ql
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b wing span, feet R
¥y spanwise dlstance, feet

c local chord

Subscripts:

max maximm

min minimmm ]

I=0 zero 1ift—

MODELS AND TESTS

Models

The wings were constructed of lamineted mehogany. They were of
gtraight tapered plan form with parsgbolic tips which extended over the
outer 5 percent of the semispan. The wings were designed with zero
dihedral end zsro sweep; that 1s, the guarter~chord line was perpendi—
cular to the plane of symmetry. The wings had aspproximstely 3° wash—
outat the construction tip. A layout of a typlcal tepered wing 1s
shown in figure 1.

The wings incorporated the NACA Ulh-geries, 230-series, and low—
drag 6i—series airfoil sections (fig. 1) with aspect ratio of 10 and
taper ratio of 2.5. The 6l-series airfoll sections had a design 1ift
coefficient of O.k. The ratio of the span to root thickness for the
wings was 35. The root—sectlon and tip—section thickness ratios wers
20 and 12 percent, respectively, for all wings. The geametric charac—
teristics of the test wings are presented 1n table I. The designation
for the wings is formed from numbers representing, comsecutively, the
taper ratio, aspect retio, NACA airfoll serles, and root-section thick-
ness in percent of wing chord. (See reference 1.)

In preparstion for the tests of the smooth model the wings were
lacquered and sanded toc an asrodynemiceally smooth finish. TIn order to
simlate a rough-model test conditlion, a leading-edge roughness
established by the Langley two—dimemsional low—turbulence pressurs tunnel
was used. The roughness was obtalned by the application of No. 60
(0.011~inch diemeter) carborundum grains to a thin layer of diluted
shellac along the complete span over a peripheral digtance of 8 percent
of the chord measursed from the leeding edge on both upper and lower
surfaces.

A gplit—flep was used _in all tests when the flaps were deflected.
The chord of the flap was 20 percent of-the local wing chord. DPartial—
span and full—span fleps extended 60 and 98 percent of the wing span,
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respectlively. The flaps were constructed of 1 Inch sheet steel which

was atbached to wooden blocks cut to the d.esi%ed. flap angle and fastened
to the wilng as shown in figure 1.

Tests

The tests were conducted in the Langley 19-foot pressure tunnel _ (;
with the models installed in the tunnel as shown in figure 2. The air 9*
in the tumnel was compressed to a denslity of approximately 0.0055 slug
per cublc foot. The tests of the wings wlith flaps neutral were made
through a range of Reynolds number from 2.0 X 106 to 4,95 x 106 , which
corresponds to & range of Mach number from 0.07 to 0.21, respectively.
With the exception of wing 2.5-10-44,20, in which the tests of the rough
model were made previous to this investigaetion and were confined to a
Reynolds mumber of %.45 x 106, the range of Reynolds number for the wings
wlth flaps deflected was from 2.0 x 106 to 4.0 x 106 which corresponds,
respectively, to Mach numbers from 0.07 to 0.17.

The 1ift, drag, and pitching-moment characteristics for both smooth
and rough models were determined with flaps neutral and with partial—
span and full—span flaps deflected 60° over an angle—of—ettack range
from —4° through the angle of stall. The profile drag of smooth wings
with flaps neutrel was also determined by weke—momentum surveys.

Stall studies were made with flaps neutral end deflected, with and
without leading—edge roughness, at a Reynolds number of approximately

3.49 x 106 for wings 2.5-10-64,20 and 2.5-10-230,20. For wlng 2.5-10-44,20,
the stall studies were made at a Reynolds mmber of 4.61 x 108. The

stall progressions were determined by observation of tufts of wool yarnm
placed at 20, 4O, 60, 80, and 90 percemt of the chord and spaced 6 inches
on the upper surface of the wing.

Corrections for support tere and lnterfersnce have been applied
to all force—test data. dJeb—boundary and air—flow-misalinement correc—
tions have been applied to the angle of attack and drag coefficlents.
An additional tare drag correction has been applied to all drag data,
which causes the drag characteristics of wing 2.5-10-th,20 presented
herein to be slightly lower than those characteristics presented in
reference 1. ' '

CATCULATTIONS

The wing 1ift, drag, and pltching—moment cheracterlstics were
calculated by a gensralized method of the lifting—line theory which
allows the use of nonlinear section—lift curves. The procedure used
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for the calculatlons is glven 1n detail in reference 2., The alrfoll
gection characteristics required for the calculations were obtained in
part from reference 3 and in part from unpublished data from the
Langley two—dimensionel low—turbulence pressure tunnel.

COMPARISON OF EXPERIMENTAL AND CALCULATED RESULTS

The experlmental and calculabed 1ift, totel drag, profile drag,
end piltching-moment characteristics for the flap-meutrasl conditions are

presented in Pigures 3 to 5 for a Reynolds number of 3.49 X 106, which
corresponds to & Mach number of approximately O.1k. Some of the more
significant results are summarized in table II,

Drag.— Excellent agreement between the sxperimental and calculated
drag characteristics was obtalned at-low values of 1ift coefficlent.
As the 1ift coefficient increased, the experimental drag characteristics
Increased more rapldly than the calculated characteristics; this effect~
resulted in a divergence of the two drag polars. (See FPigs. 3 to 5.)
For wings 2.5-10-64,20 and 2.5-10-230,20 this divergence occurred at-a
1ift coefficlent of approximetely 0.2, whereas for wing 2.5-10-4k,20
excellent agreement was ohtalned up to a 1ift coefficilent of approxi—
mately 0.9, This same trend 1s noted, as would be expected, In ths
comparigson of the force—test profile—drag characterlistics in which the
force—test profile~drag values were obtained by subtracting from the
experimental total—drag value, the value of the calculated induced
drag. In gemneral, the profile-drag values obtalned from force teats
have a tendency to be higher throughout the 1ift range than the results
obtained from either weke surveys or calculations. {(See parts (b) of
figs. 3 to 5.) The agreement obtained between the calculated and wake—
survey profile—drag characteristics ls excellent. Possible reasons for
the discrepancy between the force—test and calculgbed profile—drag
characteristics are (1) errors in corrections Ffor support tare and
stream misalinement, (2) inaccuracies in the calculation of induced drag,
and (3) the inability to evaluate the drag at wing tips from section
data or weke surveys. SR

As shown 1n teble II, the calculated values of (L/D),,. are
higher than the experimental values, except in the case of wing 2.5-10-44,20
where the experimental and calculated values sgree. The greatest
discrepancy occurred for wing 2.5-10-64,20, where the calculated value
of (L/D)max is 11 percent higher than the experimental wvalue. This
dlscrepancy at—flrst appears to be excessive; however, after consldera-
tion that the discrepancy represents an lncrement in drag coefficlent
of approximately 0.0010, the rvorrelation appears Lo be reasonable.

Lift.— The calculated 1ift curves predicted quite accurately the
angle of attack for meaximm 1ift and the géneral shape of the experimental—
1ift curves throughout the range from zero 11ft to beyond the stell. Im
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no case did the calculated maximm 1ift coefficients vary more than 0.05
from the experimental velues, with the average dilscrepancy being 0.03.
(See table IT.) The calculated and experimentel values of the lift—curve
slopes for wings 2. 5-—10—611- 20 and 2.5-10-230,20 were in excellent
agreement (see table IT); however, the calculated lift—curve slope for
wing 2.5-10-44,20 was L percent lower themn the experimental slope. For
ell wings the agreement between the experimentel and calculated angles of

zero 1ift is consldered excellent, with the greatest dlscrepency of 0.2°
obteined for wines 2 R_.1n_hh 20 m-,a 2.5-10-230,20. (See teble IT.)

obtalned for wings 2.5-10 and table
Pitching moment.— The ‘calculated and experimental pltching-moment
characteristics were in good agreement throughout the 1ift range. (See
figs. 3 to 5.) The largest discrepancy that existed would result in a
o—percent error in the location of the asrodynemic center. (See table II.)

Remarks.— Altliough the calculabed characteristics show somes small
varlations from the experimentel characterisiice, no definlte trend exista
within the scope of this investigetion which would indlcate that the
degree of correletion depends on alrfoll sectlon.

COMPARTSON OF WINGS OF VARIOUS SECTIONS

The experimental aerodynemic characterlstics of wings wlth smooth
leading edges for the flaps meutral and the partiel—span and full-span
flaps deflected 60° are presemted in figures 6 to 8 et a Reynolds
nmumber of 3.49 X 106 Figures 9 to 11 present the results of wings
with rough leadling edges for the 6flaps neutral and the flaps deflected
at a Reynolds number of 4.0 X 10°. The effect of flaps on the vari—

ations of Cp , , (L/D)yexs ©Cr..., &nd ACt, o With Reynolds number

is presented 1n figures 12 to 15. Table ITI summarizes some of the more

important aerodynamic charscteristices at & Reynolds mumber of 4.0 X 106.
The values presented in teble IIT were obtained from plots similar to
those shown in flgures 12 to 15. The stall progressions of wings with
the fleps neutral and deflected are presented in figures 16 to 18. The
stell progressions for wings 2.5-10-64,20 and 2.5-10-230,20 are presented
at.a Reynolds number of 3.49 X 106, whereas the stall progressions for
wing 2.5-10-4k 20 are for a Reynolds number of k.61 x 100, Tuft studies
made at various Reynolds numbers for wings 2.5—10-64,20 and 2.5-10-230,20
indicated that Reynolds number did not materially affect the manner of
stall progression within the range of Reynolds number tested.

Flaps Neutral

Drag.— A generel comparison of the wing drag characteristics in
figures 2 end 9 for the smooth and rough models Indicates that the
varlations of drag coefficient with 1ift coefficient were essentially
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ximum L4 --than. the same for all wings, with only small
veriations occurring in the low and high lift—~coefficient range.

A comparison of the minimm drag coefficlents CDmin obtalned for

the smooth and rough models in figure 12 indicates that wing 2.5-10-64,20
in the smoobth condltion exhibited lower values of CDmJ,n throughout-the

range of Reynolds nmumber Iinvestigated than elther wing 2.5-10-230,20

or 2.5-10-4k,20, The application of leading—edge roughness lncreased the
minlmm drag coefflcient of -the wings to values rangling from 150 to

180 percent of the values obtained for the smooth copdition.

Wing 2.5-10-64,20 underwent the greatest increase in CDpy, due to

roughness, which resulted in 1ts having a slightly greater minimm drag
coefficient than wing 2.5~10-£30,20 which had the lowest minimm drag
coefficient for the rough condition. In contrast to the NACA 230-series
and bh—series airfoils, the NACA Eh—series airfoils were designed to
maintain laminar flow over a large percentage of the chord. It thus
appears quite reasonable that the effect of roughness in fixing the
transition at the wing leading edge would have a much greater effect on
the minimum drag coefficient of a wing of NACA 6h—series sections than
on the minimm drag coefficlent of wings which have sections not
especlally designed to operate with extensive regions of laminar flow.
In both surface conditions s wing 2, 5—10-44,20 produced the highest value

of c'Dm;i.n'

Comparigon of the maximum lift-drag ratios (L/D) .. (teble IT)

indicates thet wing 2.5-10-64,20 in +the emooth condition gave somewhat
higher velues of (L/D),,. then elther the 2.5-10-230,20 or

2.5-10-44,20 wings. The velue of (L/D)pgy for wing 2.5-10-64,20 is
between 3 and 10 percent greater then that—obtalned for the other wings,
as 1s Indicated from experimentel and calculated data, respectively. The
addition of leading-edge roughness (table ITI) reduced the value

of (L/D)yex FLor all wings epproximately 25 percent with the net

result that all wings had approximately the same value of (L/D)

The variation of (L/D)p,, with Reynolds number (fig. 12) for the rough
and smooth models indicates that the value of (L/D)pay for all wings

tends to increase with Reynolds number, with the exceptlion of
wing 2.5-10-44,20 in the smooth condition, for which the velue (L/D)max

remaing approximately the seme throughout the range of Reynold.s nunber
investigated. .

Lift.— In general, the shapes of the lift—curves (figs. 6 and 9)
for wings 2.5-10-44,20 and 2.5-10-64,20 are similar in that both wings
exhiblt well rounded 1ift curves, whereas the 1ift curve exhibited by
wing 2+5-10-230,20 was for all practical purposes linear up to the stall.
Theses generel lift—curve characteris‘bics are common for both the amocoth
and rough models. - .
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The meximum 11ft coefficilents of the smooth wings at a Reynolds
number of 4.0 X 106 ranged from 1.43 to 1.49 with wing 2.5-10-230,20
having the highest value (table IIT). In the Reynolds number range from
2.0 x 106 to 4.0 x 10% the values of the maximm 1ift coefficient
increased with Reynolds mumber for all wings (fig. 13). Beyond a Reynolds
mmber of 4.25 X 106 , which corresponds to a Mach number of approximately
0.175, the velue of Clypey fTor wing 2.5-10-230,20 decreased with

increaging Reynolds number. Tests of a wilng incorporating NACA 230-geries
alrfoill sectlions but having lower retlos of chord thickness than

wing 2.5-10~230,20 (reference L) indicate that the value of the critical
Mach number for the first wing was approximately 0.25 and that the
maximum 1ift coefficlent decreased as the Mach number was increased
beyond this valus. Since the critical Mach number decreases with alr—
foil thickness ratio (reference 5) adverse compressibllity effects would
be expected to occur at a lower Mach number for wing 2.5-10-230,20 than
Por the wing described In reference 4. The decrease in maximum 1ift of
wing 2.5-10-£30,20 as the Reynolds number is increased beyond %.25 X 1
1s accordingly believed to result from adverse compressibllity effects.
Although no decrease wasg obtained in Cf with Reynolds number for

the wings of NACA 6l— and Lli-series sections, the curves of Cp for

these wings show a tendency to level off at the higher Reynolds numbers;
this condition may be due to less adverse compressibility effects than
those which were encountered for the wing of NACA 230-—series sectioms.

The application of leading-edge roughness (fig. 13) greatly reduced
the valus of maximum 11ft coefficient for all wings. The degrement
in Cr,,.. due to roughness at a Reynolds mumber of L.0 x 10° for

wings 2.5-10-44,20, 2,5-10-6k,20, and 2.5-10-230,20 was 0.35, 0.23, and
0.52, respectively. The relatively large decrement in maximm 1ift
coefficlent which resulted from the application of roughness to the
leading edgs of wing 2.5~10-230,20 caused the maximm 1ift of this wing
to be conslderably lower than the lifts obtained for the other
wings at a Reynolds number of 4.0 X 10°., ZExamination of the data of
Pigure 13 also shows that the decrement In maximum 1ift coefficient
caused by roughness increases socmewhat for wing 2.5-10-230,20 at the
lower Reynolds numbers, while 1% remains nearly comstent for the other
wings. Wing 2.5-10-6k4,20 showed the highest values of maximum 1ift
throughout the range of Reynolds number Investligated. No decrsase

in Cq with increassing Re;ynold.s number was noted for wing 2.5-10230,20

in the rough condition. As is pointed out in reference L, leading-edge
roughness reduces the pressure peeks which occur at the lead.ing edge
and thus increases the Mach number at whilch compressibility effects occur.

A comparison of the lift—curve slopes obtalned for the smooth wings
et a Reynolds number of 4.0 X 100 (table IIT) indicates that
wing 2.5-10-64,20 exhibited the highest lift—curve slope. The values
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of lift—curve slope for wings 2,5-10-4k,20, 2,5-10-64,20 and 2,5-10-230,20
were 0.0875, 0.0920, and 0.0850, respectively. The addition of leading-—
edge roughness decreased the lift—curve slopes of the wings 'by 1 %o

6 percent. . . N

The -angles of zero 1ift obtained for smooth vings 2. 5—10—J-IJ+ 20,
2,.5-1.0-64,20, and 2.5-10-230,20 were —3.2°, -1.9°, and —0.5°, respectively
(See table III } ILeeding-edge roughness d.icl not appreclably affect the
engle of zero 1lift obtalned for the smooth condltiom.

Pitching moment.~ The veluss of pltching-moment coefficlents at
zero 1ift for the smooth models (see table III) were —0.096, —0.070,
end —0.008 for wings 2.5-10-4%,20, 2,5-10-64,20, and 2,5-10-30,20,
respectively. The location of the aerodynemic cen’bers were 22, 25,
and 26 percent of the mean serodynsmic chord for wings 2. 5-10—-230 20,
2.5-10-%k4,20, end 2.5-10-64,20, respectively. In the vicinity of
maximam lift a smell forwsrd movement of the smerodynemic center wes
noted for all wings., The application of leading-edge roughness did not -
apprecilably change the wing plitching-moment characteristics,

Stall progression.— As would be expected from the type of 1ift
curves exhibited by the wings, the stall progressions for smooth
wings 2.5-10-44,20 and 2.5-10-64,20 were gradual, whereas for
wing 2.5-10-230,20 the stall was more or less instaentaneous. (See
fig. 16.) In the case of wings 2.5-10-44,20 and 2.5-10-64,20, the stall
begen at the trailing edge of the root section and graduelly progressed
forwerd and outboard as the angle of attack waes Increased. The stall
progression for wing 2.5-10-230,20 was more rapld In that no stall wae
indicated until CImax was reached. At Cf the stall area covered

approximately 5 percent of the wing arees centered gbout the trailing

edge of the root—chord. Just past meximum 1ift sabout T5 percent of the

wing surface was blanketed in a stalled ares. The probebllity of

inadequate stall warning, coupled with the possibility of an asymetrical
stall which would introduce a severe rolling tendency (reference 6),

mekes it appear likely that the stalling charac'beristics of wing 2. 5—10—230 20
would be unsgatisfactory.

The addition of leadlng—edge roughness did not materlially affect
the stalling characteristics of the wings, and thus the stell progressions
of the roughened wings have not been presented herein., This fallure of-
roughness to affect the stalling characteristics of the wings may be
characteristic of-the particular airfoll sections employed and the
Reynolds number at which the tests were made and should not be construed
to be characteristic of other wings or test conditions.

Flaps Deflected

Lift.— The effect ¢f flaps on the wing maximum lift coefficient
varied considerably with airfoil section. (See fig. 15.) The increments
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in maximum 1ift coefficient due to full—span flaps for wings 2.5-10-44,20
and 2.5-10-230,20 were 18 and 30 percent greater, respectively, than for
wing 2.5—-10-64,20; trailing-edge split flaps are thus Indicated to be
more effective for wings 2.5-10-dl,20 and 2.5-10~230,20. then for

wing 2.5-10-64,20., With full-span fleps deflected 60°, the meximm 1ift

coefficients obteined at a Reynolds number of 4.0 X 100 were 2.89, 2.71,
and 2,47 for wings having NACA 230-series, th—series, and bli—series
sections, respectively. (See f£ig. 1k(b). ) Although the values of
maximm 1ift coefficient obtailned with partial—epan flaps deflected 600
were somswhat lower than those obtalned with full-—span flaps deflected 60°,
the effect of alrfoll sectlon was similar. All wings underwent a
decrease in meximum 1ift dus to roughness, which was of the same magnitude
as that decrease obtained for the flap-neutral condition. In contrast to
the low maximum 1ift coefficlent of the roughened 2,5-10~230,20 wing

wel dla T oo 1t (P2 2) hira moardovmem T2PL AAAPO2 Al avadb AP LT
wibll Lidapo neucsCra.L \LLlgss J._)[ VLT LA LU .LJ..I.U CO8II1Cidv O1I Tis

2.,5—-10-230,20 wing with :E'laps deflected was, because of its increased flap
effectiveness, of the same order of magnitude as OCg obtained for

the other wilngs.

The effect of Reynolds number on Cyp (fig. 14) was more

pronounced for the smooth condlitlon than for the rough condition. Im
all cases for which data were avallable, Cp increased with Reynolds

number throughout the range of Reynolds number Investigated.

Pitching moment.— In all cases, the 2.5-10-U44,20 wing exhibited
the highest value of pitching moment, whereas the 2,5-=10-£30,20 and
2.5-10-64,20 - wings exhibited a proxima.‘bely equal values of pitching
moment (figs. 7, 8, 10, and 11). A comparison of figures 6 to 11
indlcates that the la.rges‘b trim change due to flap deflection would be
obtained for wing 2.5-10-230,20.

Stall progresslon.— The stall progressions of the wings with flaps
deflected were similar to those with flaps neutral in that a root—section
stall was predominent in every case. With flaps deflected the stall of
all wings was more abrupt then with flaps neutral.

With partiel—span flaps deflected 60° (fig. 17), flow seperation
first occurred just outboard of the flaps. As the asngle of attack
was Increased, the stall spread inboard for wing 2.5-10-4k4,20. In the
case of wings 2.5-10-230,20 and 2.5-10-64,20, no separation occurred
on the inboard sectlons until the angle of at‘back was Increased

beyond CI -

The stall progression for the wings with full—span flaps
deflected 60° (fig. 18) indicated thet no flow separation occurred
in the low and moderate angle—of-ettack range. In the vicinity of
Cr s separation occurred rether abruptly over the wing center section.
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CONCILUSIONS

The asercdynamic characteristics of several unswept tapered wings
were determined by calculations using the method of NACA TN No. 1269
and by wind—tunnel tests to demonstrate the accuracy of calculations and
to show the effect of alrfoll section on the aerodynemlic cheracteristics
of unswept tapered wings. - The wings investigated were similar in plan
form, had aspect ratio 10 and taper ratio 2.5, and Incorporated
NACA Lh-series, 230—series, and low-drag 6h—series airfoil profiles.
On the basls of comparison at equel values of Reynolds number the
following conclusioms were made:

1. The agreement, obtained between the calculeted and experimental
characteristice was in most cases excellent. No definlte trend existed
within the scope of the Investigatlion which would indicate that the
degree of correlation depends on sirfoil gection.

2. The maximmm 1ift coefficients obtalned for the smooth wings
with flaps neutral were epproximetely equel. With flaps deflected snd
smooth surfaces, the highest value of maeximum 1ift coefficlient was
obtained for the wing of NACA 230-series sections. Beceuse of the low
flap effectiveness for the wing of NACA 6l—series sections s Tthe maximum
1ift coefficient obtalned for this wing was lower then that obtained
for the wing of NACA Lli—series sections and considerably lower than
that obtained for the wing of NACA 230—series sectlons.

3. The gregtest-loss in maximum 1i1ft due to roughness was experienced
by the wing of NACA 230—series sectlons and the smallest loss was
experienced by the wing of NACA 6h—series sectioms. Thus for the
roughened wings with flaps neutral, the maximm 1ift coefficient for the
wing of NACA 230-series smectlions was appreclably lower than that obtained
from elther of the other two wings, and wlth flaps deflected all wings
produced approximately equal velues of maximm 1ift coefficient.

4. T™e wing of NACA 230-series sections with the flaps neutral
exhibited an ebrupt stell, which may be unsatisfactory when stall warning
or laterasl stebllity at the stell is consldered. The sgtall of the
wings with NACA 6h—geries and 4li—series sections was gradusl. With
flaps deflected 60° all wings stalled more abruptly than with flaps
neutral.

5. The wing of NACA 6li-series sectioms in the smooth condition
exhibited lower minimmm dreg values end slightly better values of*-
maximm 1ift—-drag ratios than the wings of NACA 230—series or hli-series
sections. In the rough condition, the meximum lift—drag ratios for
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all wings were approximately equal, and the wing with RACA 230—series
sections exhibited the lowest value of minlmm drag coefficlent.

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va., April 22, 1948
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TABLE I

GEOMETRIC CHARACTERISTICS OF THEST WINGS

NACA elrfoll
Taper|Aspect Span | Ares |M.A.C. |Geametric
Wing ratio|retio | Root ™p |(£t) |[(sq £%)| (£t) | weshout
section|eectlian (deg)
2,5-10-4k,20 | 2,5 [10.05 | W20 | Lh12 | 15 [22.393 |1.592 3.5
2.5-10-64,20 | 2.5 |10.05 [6ly~heo|6h-412] 15 [22.393 [1.592 3.0
2.5-1030,20| 2,5 {10.05 |23020 (23012 15 [22.393 |1.592 3.0

T
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ABLE IT

COMPARTSCN OF EXPERTMENTAT. AND CALCULATED RESULES FOER WINGB

IN SMOOTH CONDITION WIH FLAPS REUTBAL

[ = 3.49 x 1206]

L a0,
O (L/D)ex R - e
Wing
Culeulated. | Expsrimesrtal | Calonlated. | Exparimsntal | Calcoulated | Experimental | Caloulated | Experimental
2,.5-10-kk,20 0.0083 0.0083 32.0 32,0 1.k 1.43 0.08e7 0.0850
2,5-10-6h,20 0068 0069 5.4 32,0 1.37 1.h0 .0910 0920
2.5-10-230,20 0078 .0078 2.2 30.7 1.k0 1,35 .0830 0835
10 (Cy)
o )
In0
Wing
Calonletoed Experimental ~ Caleulated Experimental Calcnlated Brperimental
2.5-10-h4,20 -3.0 ~3.2 ~0,087 ~0.096 0.006 0
2.5-10-64,20 -£.1 2.0 —.06% —.068 —025 —a 011,
2.5—10—23),20 _0-3 —0-5 --.w5 -—.010 .015 103h'
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TABLE ITT

COMPARTSOR (F FXPERIMENTAL CHARACTERISTICS FOR WINGS

WITH SMOOTH AND ROUGH LEADING EDGES

[B = 4.0 x 10]

acy,
Chiax r
W Partisl—~span flaps Full-span 8
e Flaps neutral deflected 60° detionta 600 Flaps neutral
Smooth Rough Smooth Rough Smooth Rough Smooth Rough.
2.5-10-4h 20 144 1.08 2.3 | e =T o R 0.0875 0.0820
2..5-10-6k,20 1.43 1.20 2.22 1.92 2.7 2.22 .0920 .0880
2,5-10-230,20 1.b9 97 2.7 1.9% 2.89 2,32 .0850 0840
4Gy
(deg) d -
Wing Flaps neutral Flaps neutral Flaps neutral Fleps newtrel Flaps neutral
Smooth Rough Smooth Rough Swooth Rough Swooth Rough Smooth Rough
2.5-10-44,20 ~3.2 -2.8 b . 23.7 0.0082 0.0133 -0.096 -0.092 0 0,021,
2.5-10-64,20 -1.9 ~1.8 32.1 2k.0 .0070 .0125 -.070 ~065 ~ 011 ~.0L%
2,5-1.0-230,20 -5 -5 K13 23.3 .0078 <0118 -.008 -.008 .035 .036

9T
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Figure 1,- Layout of typical tapered wing. (All dimensions in inches.)
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Figure 2.- High-aspect-ratio tapered wing mounted in the Langley 19~foot pressure tunnel, g
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Figure 3.- Experimental and calculated characteristics of wing 2. 5 -10-44,20 with smooth
leading edge. Flaps neutral. R = 3.49 x 108,
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Figure 4.- Experimental and calculated characteristics of wing 2. 5 -10-64,20 with smooth
leading edge. Flaps neutral; R = 3.49 x 1086,
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Figure 8,- Effect of airfoil section on the characteristics of wings with smooth leading edge.
Flaps neutral; R = 3.4¢ x 106,
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Partial~span flaps deflected 600; R = 5.49 x 108,
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Full-span flaps deflected 60°; R = 3.49 x 106,
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Flaps neutral; R = 4.0 x 108,
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Full-span flaps deflected 80°; R = 4.0 x 106,
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Figure 12.- Effect of Reynolds number on maximum lift-drag ratio

and minimum drag coefficient of wings with smooth and rough
leading edges. '
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Figure 13.- Effect of Reynolds number on the maximum lift coefficient

o? wings with smooth and rough leading edges. Flaps neutral.
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Figure 14.- Effect of Reynolds number on the maximum lift coefficient
of wings with smooth and rough leading edges. Flaps deflected.
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Figure 17.- Stall progression of wings with partial-span flaps deflected 60°,
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Figure 18.- Stall progression of wings with fulll-span flaps deflected 60°,



